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Abstract
We examine the effects of nanoparticle addition at low concentration on the evaporation kinetics of droplets in the constant radius mode. The evaporative behaviour of deionized water and Al2O3 nanoparticle laden water on an aluminium substrate was observed at atmospheric and at different sub-atmospheric pressures. The two fluids exhibit the same evaporative behaviour, independent of the droplet volume or the sub-atmospheric pressure. Moreover, the linear relationship between evaporation rate and droplet radius, initially proposed by Picknett and Bexon more than three decades ago for droplets evaporating in the constant radius mode, is satisfied for both liquids. In addition we have established a unified correlation solely function of fluid properties that extends this relationship to any sub-atmospheric pressure and fluid tested. We conclude that the addition of a small quantity of nanoparticles to the base fluid does not modify the kinetics of evaporation for pinned volatile droplets. 
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1.	Introduction
Wetting and evaporation of sessile droplets have received considerable attention in the last decades for the characterization of solid substrates HYPERLINK \l "_ENREF_1" \o "Dussan, 1979 #5"  ADDIN EN.CITE <EndNote><Cite><Author>Dussan</Author><Year>1979</Year><RecNum>5</RecNum><DisplayText><style face="superscript">1</style></DisplayText><record><rec-number>5</rec-number><foreign-keys><key app="EN" db-id="de09svxpoasdayefax6vva02eat2xdewfp5w" timestamp="1439199584">5</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Dussan, E B</author></authors></contributors><titles><title>On the Spreading of Liquids on Solid Surfaces: Static and Dynamic Contact Lines</title><secondary-title>Annual Review of Fluid Mechanics</secondary-title></titles><periodical><full-title>Annual Review of Fluid Mechanics</full-title></periodical><pages>371-400</pages><volume>11</volume><number>1</number><dates><year>1979</year></dates><urls><related-urls><url>http://www.annualreviews.org/doi/abs/10.1146/annurev.fl.11.010179.002103</url></related-urls></urls><electronic-resource-num>doi:10.1146/annurev.fl.11.010179.002103</electronic-resource-num></record></Cite></EndNote>1, for the design of more efficient heat transfer processes HYPERLINK \l "_ENREF_2" \o "Kim, 2007 #6"  ADDIN EN.CITE <EndNote><Cite><Author>Kim</Author><Year>2007</Year><RecNum>6</RecNum><DisplayText><style face="superscript">2</style></DisplayText><record><rec-number>6</rec-number><foreign-keys><key app="EN" db-id="de09svxpoasdayefax6vva02eat2xdewfp5w" timestamp="1441871212">6</key><key app="ENWeb" db-id="">0</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Kim, Jungho</author></authors></contributors><titles><title>Spray cooling heat transfer: The state of the art</title><secondary-title>International Journal of Heat and Fluid Flow</secondary-title></titles><periodical><full-title>International Journal of Heat and Fluid Flow</full-title></periodical><pages>753-767</pages><volume>28</volume><number>4</number><keywords><keyword>Heat transfer</keyword><keyword>Spray cooling</keyword><keyword>Electronic cooling</keyword></keywords><dates><year>2007</year><pub-dates><date>8//</date></pub-dates></dates><isbn>0142-727X</isbn><urls><related-urls><url>http://www.sciencedirect.com/science/article/pii/S0142727X06001639</url></related-urls></urls><electronic-resource-num>http://dx.doi.org/10.1016/j.ijheatfluidflow.2006.09.003</electronic-resource-num></record></Cite></EndNote>2, and for medical ADDIN EN.CITE ,  HYPERLINK \l "_ENREF_4" \o "Jing, 1998 #7"  or agricultural applications HYPERLINK \l "_ENREF_5" \o "Bonn, 2009 #8"  ADDIN EN.CITE <EndNote><Cite><Author>Bonn</Author><Year>2009</Year><RecNum>8</RecNum><DisplayText><style face="superscript">5</style></DisplayText><record><rec-number>8</rec-number><foreign-keys><key app="EN" db-id="de09svxpoasdayefax6vva02eat2xdewfp5w" timestamp="1439199777">8</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Bonn, Daniel</author><author>Eggers, Jens</author><author>Indekeu, Joseph</author><author>Meunier, Jacques</author><author>Rolley, Etienne</author></authors></contributors><titles><title>Wetting and spreading</title><secondary-title>Reviews of Modern Physics</secondary-title></titles><periodical><full-title>Reviews of Modern Physics</full-title></periodical><pages>739-805</pages><volume>81</volume><number>2</number><dates><year>2009</year><pub-dates><date>05/27/</date></pub-dates></dates><publisher>American Physical Society</publisher><urls><related-urls><url>http://link.aps.org/doi/10.1103/RevModPhys.81.739</url></related-urls></urls></record></Cite></EndNote>5, amongst others. Up to date, many experimental and theoretical studies have focused their efforts on investigating the effects of substrate hydrophobicity HYPERLINK \l "_ENREF_6" \o "Zisman, 1964 #9"  ADDIN EN.CITE <EndNote><Cite><Author>W. A</Author><Year>1964</Year><RecNum>9</RecNum><DisplayText><style face="superscript">6</style></DisplayText><record><rec-number>9</rec-number><foreign-keys><key app="EN" db-id="de09svxpoasdayefax6vva02eat2xdewfp5w" timestamp="1439199832">9</key></foreign-keys><ref-type name="Book Section">5</ref-type><contributors><authors><author>Zisman, W. A</author></authors></contributors><titles><title>Relation of the Equilibrium Contact Angle to Liquid and Solid Constitution</title><secondary-title>Contact Angle, Wettability, and Adhesion</secondary-title><tertiary-title>Advances in Chemistry</tertiary-title></titles><pages>1-51</pages><volume>43</volume><number>43</number><num-vols>0</num-vols><section>1</section><dates><year>1964</year></dates><publisher>AMERICAN CHEMICAL SOCIETY</publisher><isbn>0-8412-0044-0</isbn><urls><related-urls><url>http://dx.doi.org/10.1021/ba-1964-0043.ch001</url></related-urls></urls><electronic-resource-num>doi:10.1021/ba-1964-0043.ch001&#xD;10.1021/ba-1964-0043.ch001</electronic-resource-num><access-date>2015/08/10</access-date></record></Cite></EndNote>6, surface roughness HYPERLINK \l "_ENREF_7" \o "Cox, 1983 #31"  ADDIN EN.CITE <EndNote><Cite><Author>Cox</Author><Year>1983</Year><RecNum>31</RecNum><DisplayText><style face="superscript">7</style></DisplayText><record><rec-number>31</rec-number><foreign-keys><key app="EN" db-id="de09svxpoasdayefax6vva02eat2xdewfp5w" timestamp="1439201656">31</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Cox, R. G.</author></authors></contributors><titles><title>The spreading of a liquid on a rough solid surface</title><secondary-title>Journal of Fluid Mechanics</secondary-title></titles><periodical><full-title>Journal of Fluid Mechanics</full-title></periodical><pages>1-26</pages><volume>131</volume><dates><year>1983</year></dates><urls></urls></record></Cite></EndNote>7, liquid nature, and the influence of the surrounding atmosphere on the statics and dynamics of the triple contact line (TCL) for pure liquid droplets and pure liquid thin films ADDIN EN.CITE , , .
Typically when a liquid droplet is not in equilibrium with its vapour, this evaporates following either the constant radius mode (CR) HYPERLINK \l "_ENREF_11" \o "Picknett, 1977 #15"  ADDIN EN.CITE <EndNote><Cite><Author>Picknett</Author><Year>1977</Year><RecNum>15</RecNum><DisplayText><style face="superscript">11</style></DisplayText><record><rec-number>15</rec-number><foreign-keys><key app="EN" db-id="de09svxpoasdayefax6vva02eat2xdewfp5w" timestamp="1439199996">15</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Picknett, R. G.</author><author>Bexon, R.</author></authors></contributors><titles><title>The evaporation of sessile or pendant drops in still air</title><secondary-title>Journal of Colloid and Interface Science</secondary-title></titles><periodical><full-title>Journal of Colloid and Interface Science</full-title></periodical><pages>336-350</pages><volume>61</volume><number>2</number><dates><year>1977</year><pub-dates><date>9//</date></pub-dates></dates><isbn>0021-9797</isbn><urls><related-urls><url>http://www.sciencedirect.com/science/article/pii/0021979777903964</url></related-urls></urls><electronic-resource-num>http://dx.doi.org/10.1016/0021-9797(77)90396-4</electronic-resource-num></record></Cite></EndNote>11, the constant angle mode (CA) HYPERLINK \l "_ENREF_12" \o "Birdi, 1989 #17"  ADDIN EN.CITE <EndNote><Cite><Author>Birdi</Author><Year>1989</Year><RecNum>17</RecNum><DisplayText><style face="superscript">12</style></DisplayText><record><rec-number>17</rec-number><foreign-keys><key app="EN" db-id="de09svxpoasdayefax6vva02eat2xdewfp5w" timestamp="1439200005">17</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Birdi, K. S.</author><author>Vu, D. T.</author><author>Winter, A.</author></authors></contributors><titles><title>A study of the evaporation rates of small water drops placed on a solid surface</title><secondary-title>The Journal of Physical Chemistry</secondary-title></titles><periodical><full-title>The Journal of Physical Chemistry</full-title></periodical><pages>3702-3703</pages><volume>93</volume><number>9</number><dates><year>1989</year><pub-dates><date>1989/05/01</date></pub-dates></dates><publisher>American Chemical Society</publisher><isbn>0022-3654</isbn><urls><related-urls><url>http://dx.doi.org/10.1021/j100346a065</url></related-urls></urls><electronic-resource-num>10.1021/j100346a065</electronic-resource-num></record></Cite></EndNote>12, and/or the mixed mode, . The evaporation mode depends strongly on the hydrophobicity and roughness of the substrate and on the nature of the fluid, which control the evaporation rate. In the case of droplets vanishing in the CR mode a linear loss of volume/mass is observed ADDIN EN.CITE , , whereas in the CA mode evaporation follows the diffusion model ADDIN EN.CITE , . Nonetheless, the diffusion model was also confirmed experimentally for water droplets vanishing in the CR mode on superhydrophobic substrates ADDIN EN.CITE , . In addition to the types of evaporative behaviour reported above, “stick-slip” behaviour, i.e., jumps of contact line after periods of pinning, can be observed with evaporating droplets by the addition of nanoparticles to the base fluid (nanofluid) ADDIN EN.CITE ,  and/or by substrate topography HYPERLINK \l "_ENREF_20" \o "Antonini, 2014 #19"  ADDIN EN.CITE <EndNote><Cite><Author>Antonini</Author><Year>2014</Year><RecNum>19</RecNum><DisplayText><style face="superscript">20</style></DisplayText><record><rec-number>19</rec-number><foreign-keys><key app="EN" db-id="de09svxpoasdayefax6vva02eat2xdewfp5w" timestamp="1439200130">19</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Antonini, C.</author><author>Lee, J. B.</author><author>Maitra, T.</author><author>Irvine, S.</author><author>Derome, D.</author><author>Tiwari, Manish K.</author><author>Carmeliet, J.</author><author>Poulikakos, D.</author></authors></contributors><titles><title>Unraveling wetting transition through surface textures with X-rays: Liquid meniscus penetration phenomena</title><secondary-title>Scientific Reports</secondary-title></titles><periodical><full-title>Scientific Reports</full-title></periodical><pages>4055</pages><volume>4</volume><dates><year>2014</year><pub-dates><date>02/11/online</date></pub-dates></dates><publisher>Macmillan Publishers Limited. All rights reserved</publisher><work-type>Article</work-type><urls><related-urls><url>http://dx.doi.org/10.1038/srep04055</url></related-urls></urls><electronic-resource-num>10.1038/srep04055&#xD;http://www.nature.com/articles/srep04055#supplementary-information</electronic-resource-num></record></Cite></EndNote>20. The kinetics of evaporation and the dynamics of both the contact line and the contact angle of evaporating droplets containing nanoparticles in suspension was found to differ when compared to those of the base fluid  ADDIN EN.CITE , . On other hand, the dynamics of spreading of the contact line were found to increase when adding nanoparticles to the base fluid due to the enhanced disjoining at the triple contact line arising from the nanoparticle ordering  ADDIN EN.CITE , .
Besides the interest in nanofluid droplet evaporation, the thermophysical properties of these fluids have also received increased attention in the past decades ADDIN EN.CITE , , , . Amongst these thermophysical properties, the thermal conductivity of nanosuspensions has been found to be controversial in the literature. Whereas several studies reported anomalous enhancement in the thermal conductivity of fluids containing nanoparticles in suspension with values larger than those predicted by the effective medium theory ADDIN EN.CITE , , other researchers found no significant or a modest increase in the experimentally measured thermal conductivity for small concentrations of nanoparticles ADDIN EN.CITE , . Furthermore, recent literature demonstrated particle alignment as a plausible mechanism to account for the observed increase in thermal conductivity, rather than particle Brownian motion or particle convection within the fluid as previously reported HYPERLINK \l "_ENREF_32" \o "Mohamad, 2015 #14"  ADDIN EN.CITE <EndNote><Cite><Author>Mohamad</Author><Year>2015</Year><RecNum>14</RecNum><DisplayText><style face="superscript">32</style></DisplayText><record><rec-number>14</rec-number><foreign-keys><key app="EN" db-id="de09svxpoasdayefax6vva02eat2xdewfp5w" timestamp="1439199959">14</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Mohamad, A. A.</author></authors></contributors><titles><title>Myth about nano-fluid heat transfer enhancement</title><secondary-title>International Journal of Heat and Mass Transfer</secondary-title></titles><periodical><full-title>International Journal of Heat and Mass Transfer</full-title></periodical><pages>397-403</pages><volume>86</volume><keywords><keyword>Nonofluid</keyword><keyword>Heat transfer enhancement</keyword><keyword>Effective thermal conductivity</keyword><keyword>Forced convection</keyword><keyword>Natural convection</keyword></keywords><dates><year>2015</year><pub-dates><date>7//</date></pub-dates></dates><isbn>0017-9310</isbn><urls><related-urls><url>http://www.sciencedirect.com/science/article/pii/S0017931015002823</url></related-urls></urls><electronic-resource-num>http://dx.doi.org/10.1016/j.ijheatmasstransfer.2015.03.024</electronic-resource-num></record></Cite></EndNote>32.
This study aims to investigate any possible increase or reduction in the kinetics of evaporation for pinned volatile droplets, due to nanoparticle addition. In the present case, both nanofluid and pure fluid evaporate following the CR mode, therefore the evaporative mode, i.e. the dynamics of the contact line, is not modified by the addition of nanoparticles. Nonetheless, the presence of nanoparticles may modify the overall internal thermal conductivity within the droplet and thus alter the kinetics of evaporation when compared to the base fluid. On one hand, the temperature of a water droplet undergoing evaporation was found to decrease due to evaporative cooling, an effect which was found to be exacerbated by reduced ambient pressure HYPERLINK \l "_ENREF_33" \o "Sefiane, 2009 #24"  ADDIN EN.CITE <EndNote><Cite><Author>Sefiane</Author><Year>2009</Year><RecNum>24</RecNum><DisplayText><style face="superscript">33</style></DisplayText><record><rec-number>24</rec-number><foreign-keys><key app="EN" db-id="de09svxpoasdayefax6vva02eat2xdewfp5w" timestamp="1439200277">24</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Sefiane, K.</author><author>Wilson, S. K.</author><author>David, S.</author><author>Dunn, G. J.</author><author>Duffy, B. R.</author></authors></contributors><titles><title>On the effect of the atmosphere on the evaporation of sessile droplets of water</title><secondary-title>Physics of Fluids</secondary-title></titles><periodical><full-title>Physics of Fluids</full-title></periodical><pages>062101</pages><volume>21</volume><number>6</number><keywords><keyword>thermal conductivity</keyword><keyword>drops</keyword><keyword>evaporation</keyword></keywords><dates><year>2009</year></dates><urls><related-urls><url>http://scitation.aip.org/content/aip/journal/pof2/21/6/10.1063/1.3131062</url></related-urls></urls><electronic-resource-num>doi:http://dx.doi.org/10.1063/1.3131062</electronic-resource-num></record></Cite></EndNote>33. On the other hand, if the dispersed nanoparticles increase the overall thermal conductivity of the droplet, any temperature drop due to evaporative cooling should be more pronounced in the case of the nanofluid than for the pure-water case, thus modifying the kinetics of evaporation. It is worth noting that the enhanced kinetics of evaporation reported by Shanahan and co-authors due to nanoparticle addition when compared to the base fluid was explained in terms of different dynamics of the contact line during evaporation, i.e. enhanced pinning of the contact line, rather than on an enhanced thermal conductivity within the droplet ADDIN EN.CITE , . Here we conclude that the small addition of nanoparticles to water does not modify the kinetics of evaporation for droplets evaporating in the CR mode.
Furthermore we have established a unified correlation to express the kinetics of evaporation of pure-water and water laden with nanoparticles for pinned contact lines at any sub-atmospheric pressure and for any droplet volume. For a particular wettability, this correlation was found to be solely function of fluid properties, which in turn are function of ambient temperature. The fine prediction or control of drop evaporation via sub-atmospheric pressure presented here is of great importance for applications were condensable and/or non-condensable gases can be an issue, such as biological or inkjet printing applications.


2.	Experimental Procedure 
Deionized water and Al2O3-water nanofluid were used in this study. Deionized water was obtained using an analytical NANOpure® DiamondTM water system from Barnstead (Thermo Scientific, Waltam, MA). For the nanofluid preparation, Al2O3 nanoparticles purchased from Sigma Aldrich, with particle size < 100 nm, were dispersed in deionized water following a two-step method. Nanoparticles were added to deionized water and dispersed by ultrasonication for several hours in an ultrasonic bath from Fisher Scientific (FB15047). Only one concentration of Al2O3-water, 0.1% by weight, was prepared. This small addition of nanoparticles to the base fluid was found to be large enough to prompt the complete pinning of the contact line on a smooth hydrophobic substrate. Thus, evaporation in the CR mode is ensured. To assure the full dispersion of the nanoparticles in the base fluid, the nanofluid was ultrasonicated for a further hour prior to droplet deposition. The low concentration of the nanofluid was chosen to avoid any particle-particle interaction, clustering or sedimentation. Aluminium sheets of 20x60x3 mm3 were the substrates chosen. The relatively large dimensions of the substrate, as well as the effusivity, e,  ( where k is the thermal conductivity, ρ the density and cp the specific heat) being one order of magnitude greater than that of water account for the isothermality of the substrate. Preliminary experiments on the substrate studied (aluminium) showed the successful suppression of contact line motion during most of the droplet lifetime for both water and 0.1% Al2O3-water nanofluid.
To address the effect of reduced pressure on the kinetics of evaporation of nanofluid and pure fluid droplets, a cylindrical, stainless steel, low pressure environmental chamber was used. Two borosilicate windows on opposite sides of the chamber allowed for the imaging of the droplet and a top lid permitted to replace/clean the substrate after each experiment. A sketch and a more detailed description of the environmental chamber used in this study can be found elsewhere ADDIN EN.CITE , . Two connections were attached to the chamber; the first including a vacuum pump, a pressure cell (±0.5 kPa), and a needle valve to allow for the precise control of the pressure inside the chamber. The second connection was used to change the ambient gas inside the chamber. Nonetheless, in the present study we limited our experiments to a nitrogen atmosphere. In the centre of the lid, a rubber sealed bung allowed for the insertion of a needle, which was used for the dosing of the liquids studied. A DSA100 (Drop Shape Analyzer, Hamburg, Germany) from Krüss was used to monitor and capture the experimental observations. The DSA100 is equipped with an accurate dosing system, a 3-axis moveable sample stage, a back light and a CCD camera for the acquisition of images. A sketch of the experimental apparatus used in this study can be found in Figure 1: 


Figure 1: (a) Schematic of the experimental setup similar to the one used in Ref. 33 and Ref. 34. (b) Snapshot of the DSA 1.9 software ADDIN EN.CITE , .

The procedure was as follows: the pressure inside the chamber was decreased in order to remove any humidity and contaminants present. Thereafter the chamber was filled with nitrogen. For the tests carried out at sub-atmospheric pressure, the pressure inside the chamber was adjusted with the help of the pressure cell and the needle valve. Subsequently, a droplet was created at the tip of the syringe with the help of the dosing system, and the dosing system was lowered until the substrate was in contact with the droplet. Droplets volumes ranging from 0.1 µl to 13µl were studied, ensuring a droplet base radius below the water capillary length, κ-1=2.7mm. Finally, the stage was lowered and the droplet was detached from the needle and left to evaporate. The profile of the droplet was recorded and analysed using  the DSA1.9 software where contact angle, θ, contact radius, R, and volume, V, were extracted and plotted versus time, t. The maximum uncertainties in the contact angle, contact radius and volume measurements were ± 2°, ± 0.02 mm and ± 0.1 µl respectively.


3.	Experimental Results
The evaporative behaviour of Al2O3-water nanofluid and pure fluid droplets at different sub-atmospheric pressures is presented below. Evolution of the contact radius, R, contact angle, θ, and volume, V, versus time, t, for a 4 µl droplet of (a) pure fluid and (b) 0.1% Al2O3-water evaporating on the aluminium substrate at 100 kPa is presented in Figure 2: 


Figure 2: Evolution of (circles) contact angle, θ (°), (squares) contact radius, R (mm), and (up-triangles) volume, V (µl), with time, t (s), at a system pressure of 100 kPa for (a) deionized water and (b) 0.1% Al2O3-water nanofluid. (c) and (d) snapshots of water and nanofluid droplets respectively evaporating at t = 0, t = 750 and t = 1500 seconds.

An equilibrium contact angle of 62° (± 2°)  is reported for both fluids right after the deposition of a droplet (t=0). After the droplet deposition, both fluids evaporate following the CR mode for nearly the entire droplet lifetime, i.e. 90% of the droplet lifetime. Only towards the end of the evaporation, ca. 1500 seconds, does the contact line start to recede. Furthermore, evaporation in the CR mode is consistent for all the droplet volumes tested with radius below the capillary length. In the case of deionized water, the contact line remains anchored to the substrate due (essentially) to substrate hydrophilicity and heterogeneities, whereas in the case of the nanofluid the pinning of the contact line is due to both substrate topography and nanoparticles depositing in the vicinity of the contact line during evaporation. A linear loss of mass/volume in time is reported for both fluids and for all droplet volumes studied. Such linear mass loss with time was previously observed for pure fluids evaporating in the CR mode ADDIN EN.CITE , . To account for the liquid evaporated, mainly at the TCL, a radial outwards flow is induced. This radial flow will transport nanoparticles present in the droplet bulk towards the TCL. ADDIN EN.CITE ,  The accumulation of nanoparticles at the TCL induces the pinning of the contact line on smooth substrates as previously reported. ADDIN EN.CITE ,  Lin et al. also observed a second CR mode at the end of the evaporation. HYPERLINK \l "_ENREF_37" \o "Lin, 2015 #53"  ADDIN EN.CITE <EndNote><Cite><Author>Lin</Author><Year>2015</Year><RecNum>53</RecNum><DisplayText><style face="superscript">37</style></DisplayText><record><rec-number>53</rec-number><foreign-keys><key app="EN" db-id="de09svxpoasdayefax6vva02eat2xdewfp5w" timestamp="1461546871">53</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Lin, Shih-Yao</author><author>Yang, Kai-Chieh</author><author>Chen, Li-Jen</author></authors></contributors><titles><title>Effect of Surface Hydrophobicity on Critical Pinning Concentration of Nanoparticles To Trigger the Coffee Ring Formation during the Evaporation Process of Sessile Drops of Nanofluids</title><secondary-title>The Journal of Physical Chemistry C</secondary-title></titles><periodical><full-title>The Journal of Physical Chemistry C</full-title></periodical><pages>3050-3059</pages><volume>119</volume><number>6</number><dates><year>2015</year><pub-dates><date>2015/02/12</date></pub-dates></dates><publisher>American Chemical Society</publisher><isbn>1932-7447</isbn><urls><related-urls><url>http://dx.doi.org/10.1021/jp509547n</url></related-urls></urls><electronic-resource-num>10.1021/jp509547n</electronic-resource-num></record></Cite></EndNote>37 Nonetheless, on our substrate the complete pinning of the contact line is ensured for both nanofluid and pure fluid (Figure 2). 
The evaporative behaviour in the CR mode presented in Figure 2 for 100 kPa, was consistent for all sub-atmospheric pressures studied. Figure 3 shows the evolution of contact radius, R, versus time, t, for a ca. 4 µl droplet of pure-water (Figure 3 (a)) and of nanofluid (Figure 3 (b)) at different sub-atmospheric pressures.:

Figure 3: Evolution of contact radius, R (mm), with time, t (s), for drops of both (a) deionized water and (b) 0.1% Al2O3-water nanofluid evaporating in a nitrogen atmosphere at various pressures ranging from 10 kPa to 100 kPa.

Since all experimental observations showed droplets evaporating in the CR mode, a linear loss of volume in time is expected. This was indeed found; Figure 4 demonstrates the evolution of droplet volume, V, versus time and linear fits for various experiments conducted at pressures of 20, 40 and 60 kPa. We should note here that no apparent deviation from the linear loss of volume in time was observed during droplet evaporation for contact angles between 62° and 5°. 


Figure 4: Evolution of droplet volume, V (µl), with time, t (s), for several (initial) water droplet volumes at nitrogen pressures (a) 20 kPa, (b) 40 kPa, and (c) 60 kPa.
	
Hence a constant rate of evaporation, dV/dt, can be obtained for each droplet evaporation event studied. Evaporation rates, dV/dt, for all sub-atmospheric pressures versus radius, R, are plotted in Figure 5. Each data point in Figure 5 represents one single experiment.

Figure 5 – Evaporation rate, dV/dt (µl/s), versus contact radius, R (mm), for (a) deionized water and (b) 0.1% Al2O3-water for the different sub-atmospheric pressures studied. Trend lines are included to indicate the linear increase in evaporation rate with increasing droplet radius.

Figure 5 shows the anticipated linear increase in evaporation rate with radius for 100 kPa, which is consistent with the literature ADDIN EN.CITE , . This agreement was found for all the sub-atmospheric pressures and for both fluids tested. Furthermore, the expected increase in evaporation rate when decreasing the pressure of the system was also present.


4.	Discussion
Since water droplet evaporation takes place mainly at the contact line, evaporation rate shall be proportional to the droplet perimeter. As a consequence, a single value of evaporation rate versus droplet perimeter (dV/dt/2πR), independent of the volume of the droplet, is expected for each of the sub-atmospheric pressures studied. Support for this proposition is to be found in Figure 6, showing dV/dt/2πR versus R for each experiment. In addition the average value calculated for dV/dt/2πR at each of the sub-atmospheric pressures is included.

Figure 6 – Evaporation rate per length of contact line, dV/dt/2πR, versus radius, R, for (a) deionized water and (b) 0.1% Al2O3-water, at 100, 80, 60, 40, 20, 15, 10, 7 and 5 kPa. Dashed lines show the average values of the evaporation rate calculated from independent measurements for each of the sub-atmospheric pressures studied.

Figure 6 supports the fact that evaporation rate is proportional to the contact line perimeter for droplets evaporating in the CR mode, i.e. pinned contact line. This is consistent for all sub-atmospheric pressures from 5 kPa to 100 kPa. The constancy of dV/dt/2πR versus R is quite acceptable, although it is clear that, in several cases, the larger the drop, the lower the evaporation rate per unit length. There is also a tendency for this lowering to be exacerbated for lower ambient pressures. We cannot, at this stage, readily explain the effect although it may be related to the supplementary curvature encountered with smaller drops. In addition to the now well-known, general effect of evaporation concentrated near the triple line, viewing the phenomenon as a 2D mechanism, triple line curvature in the plane of the substrate, i.e. radius R, will also ‘expose’ the liquid surface in the vicinity more to the local atmosphere, increasing evaporation rate to some extent. Although difficult to quantify the importance of this effect at present, supporting evidence can be found in Figure 4(b) in an early paper by Deegan et al, in which ‘coffee ring stains’ may be seen to be clearly more marked in a non-axisymmetic drop in the regions of higher convexity HYPERLINK \l "_ENREF_36" \o "Deegan, 2000 #38"  ADDIN EN.CITE <EndNote><Cite><Author>Deegan</Author><Year>2000</Year><RecNum>38</RecNum><DisplayText><style face="superscript">36</style></DisplayText><record><rec-number>38</rec-number><foreign-keys><key app="EN" db-id="de09svxpoasdayefax6vva02eat2xdewfp5w" timestamp="1443411719">38</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Deegan, Robert D.</author><author>Bakajin, Olgica</author><author>Dupont, Todd F.</author><author>Huber, Greg</author><author>Nagel, Sidney R.</author><author>Witten, Thomas A.</author></authors></contributors><titles><title>Contact line deposits in an evaporating drop</title><secondary-title>Physical Review E</secondary-title></titles><periodical><full-title>Physical Review E</full-title></periodical><pages>756-765</pages><volume>62</volume><number>1</number><dates><year>2000</year><pub-dates><date>07/01/</date></pub-dates></dates><publisher>American Physical Society</publisher><urls><related-urls><url>http://link.aps.org/doi/10.1103/PhysRevE.62.756</url></related-urls></urls></record></Cite></EndNote>36. 
We now aim to unify the evaporative behaviour of water and that of nanofluid droplets evaporating in the CR mode. For this purpose we look into the seminal work of Hu and Larson HYPERLINK \l "_ENREF_38" \o "Hu, 2002 #40"  ADDIN EN.CITE <EndNote><Cite><Author>Hu</Author><Year>2002</Year><RecNum>40</RecNum><DisplayText><style face="superscript">38</style></DisplayText><record><rec-number>40</rec-number><foreign-keys><key app="EN" db-id="de09svxpoasdayefax6vva02eat2xdewfp5w" timestamp="1454895717">40</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Hu, Hua</author><author>Larson, Ronald G.</author></authors></contributors><titles><title>Evaporation of a Sessile Droplet on a Substrate</title><secondary-title>The Journal of Physical Chemistry B</secondary-title></titles><periodical><full-title>The Journal of Physical Chemistry B</full-title></periodical><pages>1334-1344</pages><volume>106</volume><number>6</number><dates><year>2002</year><pub-dates><date>2002/02/01</date></pub-dates></dates><publisher>American Chemical Society</publisher><isbn>1520-6106</isbn><urls><related-urls><url>http://dx.doi.org/10.1021/jp0118322</url></related-urls></urls><electronic-resource-num>10.1021/jp0118322</electronic-resource-num></record></Cite></EndNote>38. They propose a simple analytical solution in which the equilibrium contact angle is taken into account in order to predict the evaporation rate for pinned, evaporating droplets with contact angles between 0 and 90°. A modified equation can also be found in the work of Sefiane et al. as HYPERLINK \l "_ENREF_33" \o "Sefiane, 2009 #24"  ADDIN EN.CITE <EndNote><Cite><Author>Sefiane</Author><Year>2009</Year><RecNum>24</RecNum><DisplayText><style face="superscript">33</style></DisplayText><record><rec-number>24</rec-number><foreign-keys><key app="EN" db-id="de09svxpoasdayefax6vva02eat2xdewfp5w" timestamp="1439200277">24</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Sefiane, K.</author><author>Wilson, S. K.</author><author>David, S.</author><author>Dunn, G. J.</author><author>Duffy, B. R.</author></authors></contributors><titles><title>On the effect of the atmosphere on the evaporation of sessile droplets of water</title><secondary-title>Physics of Fluids</secondary-title></titles><periodical><full-title>Physics of Fluids</full-title></periodical><pages>062101</pages><volume>21</volume><number>6</number><keywords><keyword>thermal conductivity</keyword><keyword>drops</keyword><keyword>evaporation</keyword></keywords><dates><year>2009</year></dates><urls><related-urls><url>http://scitation.aip.org/content/aip/journal/pof2/21/6/10.1063/1.3131062</url></related-urls></urls><electronic-resource-num>doi:http://dx.doi.org/10.1063/1.3131062</electronic-resource-num></record></Cite></EndNote>33:
	Eq.1
where D1atm is the diffusion coefficient of water in nitrogen at 1 atmosphere and at ambient temperature, Tamb=23°C, csat is the saturation concentration of water in air at Tamb, equal to csat(Tamb=23°C)=20.6g/cm3, ρ is the density of water equal to 1 g/cm3, and θ is the initial (assumed equilibrium) contact angle expressed in radians ca. π/3 (θ ~60°). If we now substitute the value of the contact angle and modify Equation 1 to express the evaporation rate versus droplet perimeter as in Figure 6, Equation 1 can be rewritten as:
	Eq.2
Values of the diffusion coefficient of water in nitrogen at atmospheric pressure can be found in Ref. 32 as D1atm=0.247 cm2/s HYPERLINK \l "_ENREF_39" \o "Reid,  #41"  ADDIN EN.CITE <EndNote><Cite><Author>Reid</Author><RecNum>41</RecNum><DisplayText><style face="superscript">39</style></DisplayText><record><rec-number>41</rec-number><foreign-keys><key app="EN" db-id="de09svxpoasdayefax6vva02eat2xdewfp5w" timestamp="1454896966">41</key></foreign-keys><ref-type name="Book">6</ref-type><contributors><authors><author>Reid, R. C.</author><author>Prausnitz J. M.</author><author>Poling, B. E.</author></authors><secondary-authors><author>4th ed.</author></secondary-authors></contributors><titles><title>The Properties of Gases and Liquids</title></titles><dates></dates><publisher><style face="normal" font="default" size="100%">McGraw-Hill, New York, </style><style face="bold" font="default" size="100%">1987</style></publisher><urls></urls></record></Cite></EndNote>39. Let us now consider the overall effect of ambient pressure. To account for the effect of reduced pressure the diffusion coefficient is inversely proportional to the pressure of the system ADDIN EN.CITE , :
 	Eq.3
where Patm is 1 atmosphere. Then, for a given sub-atmospheric pressure, Psub, the diffusion coefficient Dsub can be calculated. Nonetheless, if we now substitute Equation 3 in Equation 2, a unified correlation for the evaporation rate versus droplet perimeter for any sub-atmospheric pressure for both water and nanofluid droplets evaporating in the CR mode is presented, Equation 4:
	Eq.4
Theoretical values of evaporation rate versus droplet perimeter and for any sub-atmospheric pressure can be now obtained from Equation 4. Next, Figure 7 shows experimental values of the evaporation rate per droplet perimeter (extracted from Figure 6) versus sub-atmospheric pressure for both fluids. Furthermore theoretical prediction of the evaporation rate using Equation 4 is included for comparison. In addition experimental results and theoretical trends reported by Sefiane et al. are presented HYPERLINK \l "_ENREF_33" \o "Sefiane, 2009 #24"  ADDIN EN.CITE <EndNote><Cite><Author>Sefiane</Author><Year>2009</Year><RecNum>24</RecNum><DisplayText><style face="superscript">33</style></DisplayText><record><rec-number>24</rec-number><foreign-keys><key app="EN" db-id="de09svxpoasdayefax6vva02eat2xdewfp5w" timestamp="1439200277">24</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Sefiane, K.</author><author>Wilson, S. K.</author><author>David, S.</author><author>Dunn, G. J.</author><author>Duffy, B. R.</author></authors></contributors><titles><title>On the effect of the atmosphere on the evaporation of sessile droplets of water</title><secondary-title>Physics of Fluids</secondary-title></titles><periodical><full-title>Physics of Fluids</full-title></periodical><pages>062101</pages><volume>21</volume><number>6</number><keywords><keyword>thermal conductivity</keyword><keyword>drops</keyword><keyword>evaporation</keyword></keywords><dates><year>2009</year></dates><urls><related-urls><url>http://scitation.aip.org/content/aip/journal/pof2/21/6/10.1063/1.3131062</url></related-urls></urls><electronic-resource-num>doi:http://dx.doi.org/10.1063/1.3131062</electronic-resource-num></record></Cite></EndNote>33:	


Figure 7 – Logarithmic plot of evaporation rate per droplet perimeter (µl/mm/s) versus pressure (kPa) for (circles) 0.1% Al2O3-water nanofluid and (squares) deionized water in nitrogen atmosphere. (dashed line) Theoretical trend from Equation 4 and D1atm from Ref. 31. (straight line) Log-log correlation for the pure-water case is included to allow comparison of the results. (triangles) Experimental results and (dotted line) theoretical prediction of dV/dt/(2πR) for a ca. 10 µl water droplet at different sub-atmospheric pressures on aluminium from Sefiane et al. are included to support our findings33.

As can be seen in Figure 7, the rate of evaporation per unit length droplet perimeter plotted for water and for Al2O3-water nanofluid versus pressure agrees well with a log-log correlation as previously proposed in literature HYPERLINK \l "_ENREF_33" \o "Sefiane, 2009 #24"  ADDIN EN.CITE <EndNote><Cite><Author>Sefiane</Author><Year>2009</Year><RecNum>24</RecNum><DisplayText><style face="superscript">33</style></DisplayText><record><rec-number>24</rec-number><foreign-keys><key app="EN" db-id="de09svxpoasdayefax6vva02eat2xdewfp5w" timestamp="1439200277">24</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Sefiane, K.</author><author>Wilson, S. K.</author><author>David, S.</author><author>Dunn, G. J.</author><author>Duffy, B. R.</author></authors></contributors><titles><title>On the effect of the atmosphere on the evaporation of sessile droplets of water</title><secondary-title>Physics of Fluids</secondary-title></titles><periodical><full-title>Physics of Fluids</full-title></periodical><pages>062101</pages><volume>21</volume><number>6</number><keywords><keyword>thermal conductivity</keyword><keyword>drops</keyword><keyword>evaporation</keyword></keywords><dates><year>2009</year></dates><urls><related-urls><url>http://scitation.aip.org/content/aip/journal/pof2/21/6/10.1063/1.3131062</url></related-urls></urls><electronic-resource-num>doi:http://dx.doi.org/10.1063/1.3131062</electronic-resource-num></record></Cite></EndNote>33. Moreover we now extend this correlation to any droplet volume below that at which gravity becomes significant (droplet radius below the capillary lenght) for the pure fluid water and for low addition of nanoparticle to the pure fluid. Although quantitative differences are observed when comparing our experimental results with those of other authors, we anticipate that these differences may be due to the nature of the substrate. Evaporative behaviour observed in Ref. 26 showed depinning of the contact line after ca. 50% of the droplet lifetime whereas in our case the contact line remained pinned for 90% of the droplet lifetime. In addition, results from Ref. 26 were obtained for a single droplet volume whereas here we represent the average of dV/dt/2πR for droplet volumes ranging from 0.1 to 13 µl. Results presented here, which are supported by Equation 4, unify the evaporative behaviour of pure-water and water laden with nanoparticles for pinned contact lines at any sub-atmospheric pressure and for any droplet volume with radius below the capillary length. In addition, if we rearrange Equation 4 in order to express the right hand side term of the equation solely function of fluid properties, Equation 5 reads as: 
	Eq.4
To evaluate the rigorousness of Equation 5, Figure 8 now includes all independent experimental results and the averaged values of dV/dt/2πR*Psub/Patm versus droplet radius: 

Figure 8 – Evaporation rate per length of contact line and multiplied by sub-atmospheric pressure, dV/dt/2πR*Psub, versus radius, R, for (a) deionized water and (b) 0.1% Al2O3-water, at 100, 80, 60, 40, 20, 15, 10, 7 and 5 kPa. Dashed lines show the average values of the evaporation rate calculated from independent measurements for each of the sub-atmospheric pressures studied.

From Figure 8, it can be appreciated that the different values of evaporation rate per unit of length and multiplied by the ratio sub-atmospheric pressure to atmospheric pressure fall very close to a unified value. Most of the experimental values represented in Figure 8 are confined between 3 x 10-4 µl/s/mm or cm2/s and 4 x 10-4 µl/s/mm or cm2/s, and are determined solely by fluid properties which in turn are a function of the ambient temperature. Equation 5 implies that there is a single value of dV/dt/2πR*Psub/Patm function of the fluid properties (saturation concentration, diffusion coefficient and density) for a given temperature for fluids evaporating in the CR mode. Figure 9 all experimental data collapsing at ca. 0.003 µl/s/mm or cm2/s:

Figure 9: Rate of evaporation per length of the contact line multiplied by Psub/Patm, dV/dt/2πR*Psub/Patm, versus radius, R, for (closed symbols) deionized water and (open symbols) 0.1% Al2O3-water, at 100, 80, 60, 40, 20, and 10. 

Although the addition of nanoparticles to a base fluid was reported to modify the evaporative behaviour on smooth substrates due to the induced pinning of the TCL ADDIN EN.CITE , , no appreciable change in the evaporative behaviour or in the kinetics of evaporation was observed in the case of a hydrophilic aluminium substrate. No significant increase in the evaporation rate is reported in the present study due to nanoparticle addition. Values reported in Figure 8 are closely related to the diffusion coefficient of water vapour into pure nitrogen. This latter suggests the diffusion of water vapour through the nitrogen as the limiting mechanism for droplet evaporation. To give sense to this implication, we review the two most widely evaporation theories: the classical kinetic theory and the statistical rate theory:

Comments on the evaporation theories: Evaporation can be defined as ‘an interfacial molecular phenomenon where liquid molecules at the surface of a liquid gain sufficient kinetic energy to turn into gas. Here we briefly review the two most accepted theories of evaporation; the classical kinetics theory (CKT) and the statistical rate theory (SRT), which account for the interfacial molecular transport through the liquid-gas interface HYPERLINK \l "_ENREF_41" \o "Sefiane, 2011 #34"  ADDIN EN.CITE <EndNote><Cite><Author>Sefiane</Author><Year>2011</Year><RecNum>34</RecNum><DisplayText><style face="superscript">41</style></DisplayText><record><rec-number>34</rec-number><foreign-keys><key app="EN" db-id="de09svxpoasdayefax6vva02eat2xdewfp5w" timestamp="1439258378">34</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Sefiane, Khellil</author><author>Shanahan, Martin E. R.</author><author>Antoni, Mickaël</author></authors></contributors><titles><title>Wetting and phase change: Opportunities and challenges</title><secondary-title>Current Opinion in Colloid &amp; Interface Science</secondary-title></titles><periodical><full-title>Current Opinion in Colloid &amp; Interface Science</full-title></periodical><pages>317-325</pages><volume>16</volume><number>4</number><keywords><keyword>Wetting</keyword><keyword>Evaporation</keyword><keyword>Multiscale</keyword><keyword>Modelling</keyword><keyword>Interfaces</keyword></keywords><dates><year>2011</year><pub-dates><date>8//</date></pub-dates></dates><isbn>1359-0294</isbn><urls><related-urls><url>http://www.sciencedirect.com/science/article/pii/S1359029411000422</url></related-urls></urls><electronic-resource-num>http://dx.doi.org/10.1016/j.cocis.2011.03.003</electronic-resource-num></record></Cite></EndNote>41. Temperature discontinuity at the interface or non-equilibrium thermodynamics are some of the approaches adopted to prove the validity of the CKT, however these former have been found to be controversial. On other hand, SRT was developed to account for deficiencies present in the CKT. SRT includes material properties of the solid and molecular properties of the liquid. SRT successfully solves deficiencies previously reported for the CKT such as: temperature discontinuity at the interface or unidirectional transport being only a function of the properties of the liquid phase. SRT is based on a thermodynamic description of the system tending towards macroscopic equilibrium using the definition of entropy proposed by Boltzmann HYPERLINK \l "_ENREF_42" \o "McGaughey, 2002 #35"  ADDIN EN.CITE <EndNote><Cite><Author>McGaughey</Author><Year>2002</Year><RecNum>35</RecNum><DisplayText><style face="superscript">42</style></DisplayText><record><rec-number>35</rec-number><foreign-keys><key app="EN" db-id="de09svxpoasdayefax6vva02eat2xdewfp5w" timestamp="1439261620">35</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>McGaughey, A. J. H.</author><author>Ward, C. A.</author></authors></contributors><titles><title>Temperature discontinuity at the surface of an evaporating droplet</title><secondary-title>Journal of Applied Physics</secondary-title></titles><periodical><full-title>Journal of Applied Physics</full-title></periodical><pages>6406-6415</pages><volume>91</volume><number>10</number><keywords><keyword>evaporation</keyword><keyword>water</keyword><keyword>drops</keyword></keywords><dates><year>2002</year></dates><urls><related-urls><url>http://scitation.aip.org/content/aip/journal/jap/91/10/10.1063/1.1471363</url></related-urls></urls><electronic-resource-num>doi:http://dx.doi.org/10.1063/1.1471363</electronic-resource-num></record></Cite></EndNote>42. This theory predicts mass flux across the liquid-gas interface function of the vapour pressure and temperature at the interface and the radius of curvature of this latter.
	Following this, we evaluate the variables that can have a strong influence the SRT and therefore the kinetics of droplet evaporation due to a low addition of nanoparticles to a base fluid. For the nanoparticle concentration used in this study, there is no appreciable difference in droplet shape between fluids as confirmed by experimental observations. This latter is anticipated since a small addition of nanoparticles to the base fluid does not modify the liquid-vapour surface tension. In addition a 0.1 % mass fraction of Al2O3 corresponds to a ca. 0.025 % volume fraction which, as a surface fraction, is equivalent to (2.5 x 10-4)2/3 x 100 = ca. 0.4%. Without any surfactant effects, it may perhaps be expected that such a concentration will not significantly alter evaporations properties. The temperature at the droplet interface and the vapour pressure are also two fundamental parameters influencing the kinetics of evaporation. To rule out the effect of these parameters, experiments were carried out in a temperature controlled laboratory where both fluids before deposition, the substrate and the environmental chamber were at the same temperature, Tamb=23°C. Furthermore, the ambient pressure was maintained constant inside the chamber. Thus, for the same sub-atmospheric pressure, we neglect any influence due to different ambient conditions. In addition, it should be recalled that the particles content is low. We then infer that for a low concentration of nanoparticles to have a significant effect on the kinetics of droplet evaporation, this addition must modify the dynamics of droplet evaporation. The amount of nanoparticles must be high enough to suppress the CA mode or the mixed evaporative mode inducing the pinning of the contact line ADDIN EN.CITE , . In the present case, since the CR evaporative mode is ensured due to the heterogeneities of the hydrophilic aluminium substrate, no differences in the kinetics of evaporation between nanofluid and pure fluid were observed.
We conclude that the relatively low addition of nanoparticles has no noticeable effect on the kinetics of evaporation for droplets evaporating in the CR mode. 
		
	
5.	Conclusions
An experimental study of pinned volatile droplets at different sub-atmospheric pressures is presented. In this work we confirm that evaporation rate of droplets vanishing in the constant radius mode is proportional to droplet radius, i.e. evaporation takes place mainly at the triple contact line. Furthermore we extend this relationship to any of the sub-atmospheric pressures tested and for low Al2O3-water nanofluid concentration. A linear log-log regression of our experimental data can be successfully used to predict the evaporation rate for water and nanofluid droplets at a given sub-atmospheric pressure. In addition we present a novel correlation to unify the kinetics of evaporation for droplet evaporating in the constant radius mode at any sub-atmospheric pressure. To conclude, we note that the kinetics of evaporation for pinned contact lines is not (measurably) modified by small quantity nanoparticle addition to the same fluid. 
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